Objectives: Postoperative cognitive dysfunction (POCD) is a common clinical complication, with an underlying pathophysiology linked to heightened levels of neuroinflammation. However, it requires clarification as to whether the depth of anesthesia modulates postoperative cognitive dysfunction. This study investigated the association between depth of anesthesia and POCD in elderly patients undergoing abdominal surgery.
| INTRODUC TI ON
Postoperative cognitive dysfunction (POCD) is a common clinical complication, with impacts on a wide array of cognitive domains, including attention, memory, executive function, and information processing speed. POCD is also associated with longer hospital admissions, increased mortality, and decreased longer term quality of life (Moller et al., 1998; Monk et al., 2008; Newman, Kirchner et al., 2001) . While reversible, POCD affects up to 16%-40% of middle-aged and elderly patients at 7 days after surgery and 10%-13% of elderly patients at 3 months or longer after surgery (Moller et al., 1998; Monk et al., 2008; Rundshagen, 2014; Steinmetz, Christensen, Lund, Lohse, & Rasmussen, 2009 ).
The aetiology of POCD remains unclear, being thought more generally to be related to a combination of surgery, anesthesia, and patient-related factors (Rundshagen, 2014; Silbert et al., 2015; Van Harten, Scheeren, & Absalom, 2012) .
Overexposure to anesthetics can have side effects (Alan, Mutch, Renée, El-Gabalawy, & Ruth Graham, 2018) , with the monitoring anesthesia depth contributing to reduced anesthetic exposure and consequently decreasing the risk of cognitive decline after surgery (Chan, Cheng, Lee, & Gin, 2013) . However, as to how the depth of anesthesia modulates POCD requires clarification.
Previous data indicate that deeper levels of combined intravenous inhalation anesthesia, as measured by the Bispectral Index (BIS), was associated with better cognitive function at 4-6 weeks after noncardiac surgery in patients older than 50 years (Farag, Chelune, Schubert, & Mascha, 2006) . Another study reported that deeper total intravenous anesthesia, as guided by BIS, could decrease the incidence of POCD at 5 days after microvascular decompression in patients aged 28-67 years (An et al., 2011) . One more study also found that deeper depth of anesthesia guided by AAI (AEP index) decreased the incidence of POCD, defined as MMT (the mini-mental test) scores below 25, at 1 day after ophthalmic surgery under general anesthesia (Jildenstal, Hallen, Rawal, Gupta, & Berggren, 2011) . However, there have been some mixed results, with one study showing no significant association of general anesthesia depth and POCD at 7 days following elective noncardiac surgery in elderly patients (Steinmetz & Funder, 2010) , whilst another study found no association of general anesthesia depth and POCD at 7 days and 3 months after surgery in elderly patients (Radtke et al., 2013) . However, a number of factors complicate the interpretation of previous data, including anesthetic depth beyond the planned target range and combinations too many of commonly prescribed drugs (Farag et al., 2006) , lack of age stratification (An et al., 2011) , small sample sizes (Steinmetz & Funder, 2010) , and a lack of group randomization (Radtke et al., 2013) . Clearly more carefully collected data are required to better clarify the association of anesthesia depth and POCD, especially for elderly patients.
This study investigated the incidence of POCD at 7 days and 3 months postoperatively and the association of POCD with anesthesia depth, as defined by BIS under total intravenous anesthesia. This study also investigated some of the relevant biological underpinnings of POCD, and the implications that this may have for clinical management and future investigations.
| MATERIAL S AND ME THODS

| Participants and study design
This is a randomized parallel controlled clinical trial investigating the association with anesthesia depth and POCD incidence at 7 days and 3 months following abdominal surgery in elderly patients (≥60 years). After obtaining IRB approval (2014-S008, Human Research Ethics Committee, the Third Xiangya Hospital of Central South University, Changsha, China) and informed consent (120 ASA I-II), all 60 years or older patients scheduled to undergo abdominal surgery from February 2014 to February 2016 were randomly divided into two groups: Deep group (deep anesthesia group with BIS target 30-45) (n = 60) and Light group (light anesthesia group with BIS target 45-60) (n = 60). Exclusion criteria: patients with a preexisting neurological or clinically evident neurovascular diseases; mini-mental state examination (MMSE) score <23 before surgery;
anticipated difficulty with neuropsychological assessment; associated medical problems that may lead to significant complications; blindness, deafness, Chinese not being first language; drug or alcohol abuse; prior surgery; severe perioperative complications.
| Neuropsychology tests
Neuropsychological testing, consisted of a battery of nine neuropsychological tests, were administered at baseline (1 day before surgery) and at 7 days, and 3 months after surgery. An experienced psycho- Test (favored and unfavored hand)-a measure of manual dexterity, with a low score indicating better function. We applied the definition proposed by Newman for postoperative cognitive deficits (Newman, 1995; Newman, Kirchner et al., 2001 ).
The standard deviation for each test was computed from all of the preoperative scores. An individual whose postoperative performance deteriorated by 1 or more standard deviations on 2 or more tests was classified as having POCD.
| Anesthesia protocol and management
Total intravenous anesthesia was used during the operation, while induction with propofol, sufentanil, cis-atracurium, and maintenance with propofol and remifentanil. The anesthetic depth was titrated by using propofol to achieve the desired BIS target ranges in each group.
Sufentanil and remifentanil were used only to provide background analgesia, not to adjust depth of anesthesia. The anesthesia depth in the Deep group was determined by BIS values ranging from 30-45; in the Light group, the anesthesia depth was determined by BIS values ranging from 45 to 60. In this way, BIS values would be maintained at no more than five units outside the target range for <5 min. The choice of BIS targets for Deep and Light groups is based on previous studies.
Two studies (An et al., 2011; Farag et al., 2006) defined lighter anesthesia as being a BIS target of 50-60 and deeper anesthesia as BIS target of 30-40. The underlying large-scale randomize study (Short et al., 2015) which would recruite 6,500 patients with 40 to 50 centers internationally defined "light" anesthesia as a BIS target of 50 and There were no restrictions on the use of muscle relaxants.
Neuromuscular blocking agents were used by instructions at the end of surgery. Postoperative analgesia was provided as a standard practice in this department, and depended on surgery type and duration. Arterial blood pressure (BP) was controlled to within 25% of the baseline (before the day of surgery) systolic value and heart rate (HR) was controlled to 50-90 bpm as appropriate. If the BP went outside this target range, it was increased with phenylephrine or decreased with nitroglycerin. HR was controlled by using isoprenaline or esmolol. Mean arterial pressure (MAP) and HR were recorded at the following time points: before surgery, tracheal intubation, skin incision, maximum trauma, end of surgery, extubation, and back to ward. A blinded observer in the PACU (postanesthesia care unit) monitored the recovery indexes, such as agitation, extubation time, ARS (Aldrete Recovery Score), RASS (Richmond Agitation-Sedation Scale), and VAS (Visual Analogue Score) scores as well as postoperative nausea and vomiting (PONV). All patients were discharged to the ward following a 2 hr stay in the PACU, with the modified Aldrete score ≥9, as well as all discomfort being appropriately controlled. Postoperative complications and hospital stay and cost were also recorded.
| Plasma C-reactive protein (CRP), interleukin (IL)-1β, IL-10, S-100β, and norepinephrine (NE) measurement
Blood samples were drawn in EDTA-containing tubes at the following time points: before surgery, end of surgery, and postsurgery days 1, 2, and 7 as well as 3 months after surgery.
The samples were immediately transferred to the biomedical laboratory and centrifuged for 10 min at 3000-g. Plasma was removed and stored at −80°C until analysis. The plasma concentration of CRP, IL-1β, IL-10, S-100β were measured, by using an ELISA Immulite 1000 kit (IL-1β, IL-10, S-100β) or turbidimetric inhibition immuno assay (CRP). Each serum sample was blindly analyzed in duplicate and the result was expressed as the mean of two measurements. The perioperative plasma concentration of NE was also measured by ELISA Immulite 1000 kit at the same time points when patients' MAP and HR were recorded, as noted previously.
| Statistics
Statistical analyses were performed using the SPSS statistical package (version 18.0; SPSS Inc., Chicago, IL, USA). Group comparisons were made using independent t tests for continuous variables, the Mann-Whitney U test for ranked data, and chi-square or Fisher exact test for dichotomous data. Correlation analyses were performed using Spearman's rank correlation. The Wald method was used to compute a 95% confidence interval for a proportion.
Continuous data were reported as medians (5%-95% percentiles), mean (SD), and proportions indicated by percentages (%). Values of p < 0.05, two-tailed, were considered statistically significant in all studies.
| RE SULTS
| Enrolled patients
One hundred and five of the 120 patients completed both preoperative and 7 days postoperative neuropsychological testing. Eight patients dropped out from the Deep group and seven patients dropped out from the Light group at 7 days after surgery. Eighty patients completed postoperative neuropsychological testing at 3 months after surgery. Of the dropouts at 3 months, 13 were from the Deep group and 12 from the Light group. The reasons for drop-out are shown in Figure 1 . There was no statistically significant difference between the two groups with regard to the number of dropouts
| Patients characteristics and intraoperative data
Patients characteristics such as age, gender, body mass index (BMI), education, and MMSE before surgery were similar between groups (Table 1 , p > 0.05). There were also no substantive between-group differences in intraoperative data except for propofol dosage ( 
| Perioperative hemodynamics and recovery indexes
The patients' MAP in the Light group was higher than that in the Deep group at the time points of maximum trauma, end of surgery, extubation, and back to ward (Figure 2a , p < 0.05). There were no significant differences in HR between the two groups ( Figure 2b , p > 0.05). There were also no significant difference at the concentration of plasma NE between groups (Figure 2c , p > 0.05). The extubation time in Deep group was significantly longer than that of the Light group (Table 2, p < 0.05). There were no significant differences in other recovery indexes, such as agitation, ARS, RASS, and VAS scores (Table 2 , p > 0.05).
| The incidence of POCD and postoperative complications
The incidence of POCD at 7 days after surgery was 19.2% (10/52)
in Deep group and 39.6% (21/53) in Light group, being significantly lower in the Deep group (Table 3 , p = 0.032). However, the different depths of anesthesia had no effect on POCD incidence at 3 months after surgery (10.3% in deep anesthesia group vs. 14.6% in light anesthesia group, Table 3 , p = 0.558). All patients' neuropsychological tests are shown in Table 4 . The complications after surgery are shown in Table 5 as well as hospital stay duration and cost (p > 0.05).
| Plasma concentration of CRP, IL-1β, IL-10, and S-100β
The plasma concentration of CRP and IL-1β ascended after surgery and decreased to baseline levels at 3 months follow-up. Plasma levels of CRP and IL-1β in the Deep versus Light groups were significantly lower at 7 days after surgery (Figure 3a ,b, p < 0.05), but not at 3 months follow-up (Figure 3a ,b, p > 0.05). There were no significant difference in the plasma concentration of IL-10 and S-100β between the two groups at any time point (Figure 3c,d , p > 0.05).
| D ISCUSS I ON
This study is randomized parallel controlled clinical trial investigating how anesthesia depth may modulate POCD and some of the possible pathophysiological processes involved. It also attempts to overcome some of the design deficits in previous trials and better clarify the mixed results evident in prior publications in this area F I G U R E 2 Perioperative MAP, HR and plasma level of Norepinephrine. MAP, mean arterial pressure; HR, heart rate. p-values with respect to Student t test. *p < 0.05 (An et al., 2011; Farag et al., 2006; Jildenstal et al., 2011; Radtke et al., 2013; Steinmetz & Funder, 2010) . The first major finding in this study shows the incidence of POCD at 7 days postsurgery to be significantly lower in patients who underwent deep anesthesia, with incidence of POCD at 7 days postsurgery in Deep versus Light anesthesia groups being 19.2% (10/52) versus 39.6% (21/53) (p = 0.032).
No significant difference in POCD incidence was evident between groups at 3 months postsurgery (10.3% vs. 14.6%, p = 0.558). Such data support a general trend evident in previous studies in this area (An et al., 2011; Farag et al., 2006; Jildenstal et al., 2011) , whilst improving on the design protocol limitations, as noted in the introduction above.
As previous work, both clinically and preclinically, indicates that inflammation plays an important role in the pathophysiological changes underpinning POCD and cognitive deficits more widely (Cibelli et al., 2010; Hennessy et al., 2017; Heyer, Mergeche, Bruce, & Sander Connolly, 2013; Palta et al., 2015) . This study also investigated the changes occurring in CRP, IL-1β, IL-10, and S100-β. The second major finding of this current investigation indicates that plasma CRP and IL-1β levels are decreased in the Deep versus Light groups at 7 days postsurgery. There were no significant differences between groups at the 3-month follow-up. Such data would suggest a relevant inverse covariance of CRP and IL-1β with POCD, which is supportive of some previous data on the role of systemic inflammatory processes in the biological underpinnings of POCD (Jildenstål, Hallén, Rawal, Berggren, & Jakobsson, 2014) .
This study also found no significant changes in the levels of NE, IL-10, and S100-β between groups. However, it should be noted that NE levels showed a trend increase in the Light group, which may suggest heightened stress responses contributing to the higher level of inflammation evident in this group. The present results may give some indication of this occurring as the patients' MAP in Light group was higher versus the Deep group, at the time points of maximum trauma, end of surgery, extubation, and return to ward. As such, a heavier stress response to surgery in the Light group, characterized by a higher MAP combined with a trend faster HR, may increase the release of inflammatory factors, as reported previously (Vlachakis Visional rational 9.8 ± 2.6 7.8 ± 2.9 11 ± 1.7 9.0 ± 3.1 9.2 ± 2.4 10 ± 2.5
TA B L E 2 Recovery indexes in two groups
Paired associate verbal learning
10.4 ± 4.0 10.5 ± 4.4 13.9 ± 4.3 10.4 ± 4.4 11.1 ± 3.8 11.8 ± 3.7
Digit span forward 6.6 ± 1.3 6.8 ± 1.5 6.9 ± 1.2 6.9 ± 1.6 7.3 ± 1.3 7.3 ± 1.0
Digit span backward 3.2 ± 0.8 3.2 ± 1.0 3.3 ± 1.3 3.2 ± 0.8 3.2 ± 1.0 3.4 ± 0.8 Notes. The standard deviation for each test was computed from all of the preoperative scores. An individual whose postoperative performance deteriorated by 1 or more standard deviations on 2 or more tests was classified as having experienced POCD.
et al., 2017). There were no significant differences between groups at any time point regarding levels of the anti-inflammatory cytokine, IL-10, which has been shown to positively modulate cognitive functions (Kiyota et al., 2012; Xiu et al., 2016) . This could suggest that levels of anti-inflammatory responses are not significant determinants of POCD pathophysiology. Likewise, there were no significant differences in the levels of plasma S-100β, which is often taken as an indicant of increased blood-brain barrier (BBB) permeability in neurodegenerative diseases and traumatic brain injury as well as traumatic surgery in aged POCD rats (He et al., 2012) . This likely indicates that the depth of anesthesia alone may not be a major contributor to increased BBB permeability during surgery.
It requires clarification as to how the increase in proinflammatory cytokines associated with a heightened incidence of POCD in the Light group. Via an increase in the activity of the kynurenine pathway may be a competitive explanation. It is likely that the increase in IL-1β evident in this study is associated with a concurrent increase in IL-18, given that both are cleaved to their active forms by caspase-1 following inflammasome activation. Both IL-1β and IL-18, as with IL-6 and TNF-α, would be expected to increase indoleamine 2,3-dioxygenase (IDO) and therefore increase kynurenine pathway products. Many kynurenine pathway products modulate neuronal and glia activity, with consequences for cognition, including levels of neurogenesis (Anderson & Maes, 2014; Zunszain et al., 2012) .
This may give some overlaps with the pathophysiology of depression (Anderson, 2018; Duan et al., 2018) , which may be intimately linked to deficits in cognitive functioning (Ancelin et al., 2001) .
Interestingly, there is some data to suggest that increased levels of depression may be associated with POCD risk (Tzimas, Andritsos, Arnaoutoglou, Papathanakos, & Papadopoulos, 2016) . This requires clarification in future studies.
The present results also require further investigation as to the source of increased proinflammatory activity. Recent preclinical work indicates that anesthetics can alter the diversity of the gut microbiome (Serbanescu et al., 2019) , suggesting that a consequent increase in gut permeability may contribute to the raised levels of proinflammatory cytokines. In this context, it may also be of note that prebiotics have been shown to decrease the incidence of POCD in preclinical models (Yang, Wang, Wu, & Jiao, 2018) . Heightened levels of postoperative proinflammatory cytokines can also prevent the synthesis of pineal melatonin (Pontes, Cardoso, Carneiro-Sampaio, & Markus, 2007) , suggesting that the
The plasma concentration of CRP, IL-1β, IL-10, and S-100β. p-values with respect to Student t test. *p < 0.05 raised cytokine levels evident in the Light group, may be associated with alterations in circadian regulation, as well as the antioxidant, anti-inflammatory, and mitochondria-optimizing effects of melatonin (Polyakova et al., 2018) . The presurgical administration of melatonin can decrease POCD incidence in elderly patients (Fan, Yuan, Ji, Yang, & Gao, 2017) .
This study has a number of limitations. The main limitations inherent in the design and findings were that long-term recovery indexes, especially the association between long-term mortality and depth of anesthesia, were not observed. Recently B-Unaware Study Group (Kertai et al., 2010) proposed that increased intermediate term mortality is associated with cumulative time of low BIS (BIS<45) values in patients after noncardiac surgery. Sessler (Sessler et al., 2012) later reported A Triple Low of MAP, BIS, and MAC was a strong and highly statistically significant predictor for mortality. However, this has been the subject of some controversial debate (Kertai, White, & Gan, 2014; Papachristofi, Mackay, Powell, Nashef, & Sharples, 2014; Willingham et al., 2015) . In this study, two patients died in
Deep group and one in Light group, with none of these obviously associated with the depth of anesthesia (massive hemorrhage within helping with statistical analysis of the data. We would also like to thank Yizi Wang, Siqin High school attached to Hunan Normal University, Changsha, China, for amending some language mistakes.
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